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Phosphorylation of eIF4E is required for protein synthesis during starfish oocyte maturation. The activity of protein kinase
C-related kinase 2 (PRK2) increases prior to the phosphorylation of eIF4E (G. Stapleton et al., 1998, Dev. Biol. 193, 34–46).
We investigate here whether eIF4E is activated by PRK2. A 3.5-kb eIF4E clone isolated from starfish cDNA is 57% iden-
tical to human eIF4E and contains the putative phosphorylation site serine-209. The serine-209 environment
(SKTGS209MAKSRF) is similar to the consensus sequence of the phosphorylation site of protein kinase C and related kinases.
A starfish eIF4E fusion protein (GST-4E) was phosphorylated in vitro by PRK2 in the presence of 1,2-diolyl-sn-glycerol
3-phosphate. In contrast, replacing the GST-4E serine-209 with an alanine significantly reduced this phosphorylation.
Analysis by two-dimensional phosphopeptide mapping reveals a major phosphopeptide in trypsin-digested GST-4E, but not
in its serine-209 mutant. Importantly, this major phosphopeptide in GST-4E corresponds to a major phosphopeptide of
eIF4E isolated from 32P-labeled oocytes. Thus, PRK2 may regulate translation initiation during oocyte maturation by
phosphorylating the serine-209 residue of eIF4E in starfish. We also demonstrate that high levels of cAMP inhibit the
activation of PRK2, eIF4E, and the eIF4E binding protein during starfish oocyte maturation, while PI3 kinase activates these
proteins. © 2000 Academic Press
Key Words: starfish; oocyte maturation; PRK2; eIF4E; 4EBP; PI3 kinase; cAMP; LY294002; forskolin; rapamycin.s
oINTRODUCTION
As animal oocytes grow, they store proteins and messen-
ger RNAs (mRNAs) that are required for early embryonic
development. Growing oocytes enter meiosis and then
arrest at a stage of meiosis that is species dependent.
Immature oocytes of starfish arrest in prophase I of meiosis.
Meiotic arrest in starfish oocytes is relieved by a matura-
tion hormone, 1-methyladenine (1-MA; Kanatani et al.,
1969; Kanatani and Hiramoto, 1970). 1-MA stimulates a
cascade of signals that initiates the resumption of meiosis,
activates the protein synthesis machinery, and prepares the
plasma membrane for interaction with sperm. 1-MA is
1 Present address: The Graduate Institute of Fisheries Science,
National Taiwan University, Taipei 106, Taiwan.
2 Present address: Beatson Institute for Cancer Research, Gar-
cube Estate, Switchback Road, Glasgow G61 1BD, Scotland.
3 To whom correspondence should be addressed. Fax: (206) 543-
041. E-mail: mbhille@u.washington.edu.
166ecreted by surrounding follicle cells, interacts with an
ocyte surface receptor, and stimulates a heterotrimeric Gi
protein to release an active bg subunit, Gibg (Shilling et al.,
1989; Tadenuma et al., 1991; Chiba et al., 1993; Jaffe et al.,
1993; Chiba and Hoshi, 1995). Gibg triggers a series of
signaling events that lead to the activation of a maturation-
promoting factor (MPF), which causes germinal vesicle
breakdown (GVBD).
Stimulation of oocytes by 1-MA also leads to the activa-
tion of components of the protein synthesis machinery.
Both stored mRNAs and protein synthesis initiation factors
are activated. The subsequent initiation of translation of
stored mRNAs and the increase of protein synthesis are
required for the completion of meiosis and the rapid cycles
of mitosis that follow fertilization (Houk and Epel, 1974; Xu
et al., 1993). The twofold increase in the rate of protein
synthesis during meiosis in starfish oocytes is due in part to
the activation of eukaryotic initiation factor 4F, called
eIF4F (Xu and Hille, 1990). eIF4F has three subunits. One of
0012-1606/00 $35.00
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167PRK2 Phosphorylates eIF4E in Starfish Oocytesthese subunits, eIF4E, acts as the limiting factor, binds to
the 59 end mRNA 7-methylguanosine cap, and initiates the
translation of mRNA (Sonenberg, 1996). Xu et al. (1993)
showed that eIF4E is phosphorylated in the starfish oocyte
20 min after the addition of 1-MA. Coincidentally or
slightly before the phosphorylation of eIF4E there is an
increase in a protein kinase C (PKC)-like activity in cell-free
extracts from starfish oocytes (Xu et al., 1993). Since PKC
an phosphorylate eIF4E in mammalian cells (Tusan et al.,
990; Morley et al., 1991), it is likely that PKC-like kinase
ay also phosphorylate eIF4E in starfish oocytes.
One candidate in starfish oocytes for this early PKC-like
ctivity is an abundant kinase homologous to human pro-
ein kinase C-related kinase 2 (PRK2). Starfish PRK2 is
xpressed in immature oocytes, is activated prior to eIF4E
hosphorylation, and persists at least until GVBD. PRK2 is
resent in the cytoplasm, but is translocated to the germi-
al vesicle before GVBD (Stapleton et al., 1998). Mamma-
ian PRK2 has been demonstrated to share similar substrate
pecificity with PKC (Palmer and Parker, 1995). We inves-
igated in this paper whether starfish PRK2 is the kinase
hat phosphorylates eIF4E during maturation in starfish
ocytes and found that PRK2 is the best candidate.
Using an in vitro kinase assay, we demonstrate in this
aper that the eIF4E glutathione-S-transferase fusion pro-
ein (GST-4E) can be phosphorylated by immunoprecipi-
ated PRK2 in the presence of the unsaturated phosphatidic
cid 1,2-dioleoylglycerol 3-phosphate. Site-directed mu-
agenesis of GST-4E shows that starfish eIF4E has as its
utative phosphorylation site the serine residue analogous
o serine-209 in mammals. More importantly, in vitro-
hosphorylated GST-4E contains the same phosphopep-
ides as in vivo-phosphorylated eIF4E as revealed by two-
imensional phosphopeptide mapping. These results
uggest that PRK2 mediates the initiation of protein syn-
hesis during maturation by phosphorylating eIF4E.
Both Gi protein subunits, Gibg and Gia, are candidates for
the PRK2 regulators. Sadler and Ruderman (1998) demon-
strated that the phosphoinositide 3-kinase (PI3 kinase)
inhibitors, Wortmannin and LY294002, block the activa-
tion of MPF and GVBD in starfish oocytes. PI3 kinase can
be activated by the Gbg in mammalian cells (Stephens et
l., 1994; Tang and Downes, 1997). These observations
uggest that 1-MA induces the release of Gibg from Gi in
starfish oocytes. Gibg then activates PI3 kinase to trans-
duce the hormone signal through the cell. In this study, we
show that Wortmannin and LY294002 also block PRK2
activation and eIF4E phosphorylation. PI3 kinase could
thus be a potential regulator of PRK2 and eIF4E.
The other subunit of Gi, Gia, is known to inhibit adenylyl
cyclase, thus decreasing cAMP production and the resultant
protein kinase A activity. The maturation of starfish oo-
cytes is inhibited by cytoplasmic cAMP, as artificially
elevating the cAMP level by treating the oocytes with the
phosphodiesterase inhibitor IBMX prevents GVBD. The
phosphorylation of eIF4E and the increase in protein syn-
thesis rate are also inhibited by cytoplasmic cAMP (Meijer t
Copyright © 2000 by Academic Press. All rightt al., 1989; Xu et al., 1993). We demonstrate here that the
ncrease in PRK2 activity is also inhibited by cytoplasmic
AMP.
MATERIALS AND METHODS
Animal and Oocyte Culture
Starfish, Pisaster ochraceus, were collected from the Olympic
Peninsula, Washington, and maintained in aerated natural seawa-
ter before use. Oocytes were isolated from ovaries in calcium-free
artificial seawater (CaFASW; 400 mM NaCl, 10 mM KCl, 10 mM
Tris, pH 8.0, 0.5 mM EGTA, 10 mM MgCl2, 29 mM MgSO4) and
ashed in several changes of CaFASW to remove follicle cells.
fter washing, oocytes were resuspended at 10% (v/v) in artificial
eawater (ASW; 400 mM NaCl, 10 mM KCl, 10 mM CaCl2, 20 mM
gCl2, 29 mM MgSO4, 10 mM Hepes, pH 8.0) and incubated at
4°C with a paddle stirring at 60 rpm.
The meiotic maturation of starfish oocytes was induced by the
nclusion of 1-methyladenine in the oocyte suspension (10–40%,
/v), the metabolism of oocytes was stopped at the designated time
y rapidly mixing the oocytes with 4 volumes of 22°C CaFASW or
2°C ASW. Oocyte extract was then prepared as described below.
Cloning of eIF4E
Starfish eIF4E was purified as described by Xu et al. (1993) and
digested by trypsin. Trypsin-digested peptide fragments were puri-
fied by HPLC and sequenced by P. T. Matsudaira (Matsudaira,
1989; Fernandez et al., 1992). From these sequences, degenerate
primers were designed to synthesize a nucleotide fragment of the
starfish eIF4E gene from oocyte first-strand cDNA. To prepare this
cDNA, RNA was isolated from starfish embryos at the gastrula
stage and enriched for poly(A) mRNA on oligo(dT) cellulose (Xu et
al., 1990). First-strand cDNA was prepared from the mRNA-
enriched RNA using a hexamer (Boehringer Mannheim, Indianap-
olis, IN) as primer and Superscript reverse transcriptase (AMV). A
PCR fragment was synthesized from first-strand DNA and cloned
into a pCR 2.1 vector with a TA Cloning Kit (Invitrogen, Carlsbad,
CA). The clone was isolated from One Shot competent cells
according to the manufacturer’s instructions. The insert was se-
quenced and primers were used to prepare a radiolabeled PCR
fragment (Prime-It II; Stratagene, La Jolla, CA).
First-strand cDNA was prepared for the creation of a starfish
cDNA library using poly(A)-enriched mRNA (Xu et al., 1990), an
oligo(dT) primer, and Superscript reverse transcriptase (Gibco BRL,
Rockville, MD); the second-strand was synthesized using RNase H,
DNA polymerase I, and Escherichia coli DNA ligase. Following
ligation with EcoRI–NotI adaptors, the second-strand cDNA was
inserted into the EcoRI site of l-ZAP II bacteriophage vector
Stratagene). Hybridization with the radiolabeled probe was carried
ut at 68°C in 250 mM NaPO4, pH 7.2, 7% SDS, 1 mM EDTA, 1%
SA. Filters were washed three times at 68°C for 20 min in 20 mM
aPO4, pH 7.2, 1% SDS, 1 mM EDTA and then exposed for
utoradiography. The single isolated 4.7-kb clone was sequenced by
reating exonuclease III deletions (Erase-a-Base; Promega, Madison,
I). The reader is referred to GenBank Accession No. AF272369 forhe partial starfish eIF4E cDNA sequence.
s of reproduction in any form reserved.
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168 Lee et al.Site-Directed Mutagenesis of eIF4E and Generation
of GST Fusion Proteins
We mutated a serine residue in starfish eIF4E to an alanine
residue (eIF4ES209A) at the position homologous to the serine-209
in human eIF4E using the MORPH Site-Specific Plasmid DNA
Mutagenesis Kit (5 Prime 3 3 Prime, Boulder, CO). The serine-to-
alanine mutation was generated using an oligonucleotide primer,
59CAAGACAGGTGCAATGGCAAA39, to make a single nucleo-
tide change from thymine to guanine.
Both the wild-type (GST-4E) and the mutant (GST-4E209A)
fusion protein expression vectors were generated by subcloning
into a BamHI site of the pGEX-2T expression vector (Amersham
Pharmacia Biotech, Piscataway, NJ). eIF4E constructs were trans-
formed into BL21 cells and expressed as suggested by the manufac-
turer (Amersham Pharmacia Biotech). Since both expressed pro-
teins were insoluble, the proteins were recovered by the addition of
1 mM dithiothreitol, 0.5% Sarkosyl, and 2% Triton X-100 as
described by Frangioni and Neel (1993).
Preparation of Starfish Oocyte Extract and
Immunoprecipitation (IP) of PRK2
Immature or maturing oocytes were prepared as described and
resuspended in an equal volume of ice-cold lysis buffer (25 mM
Hepes, pH 7.5, 15 mM EGTA, 10% glycerol (v/v), 50 mM NaCl, 2
mM dithiothreitol, 50 mM b-glycerol phosphate, 100 mM sodium
metavanadate, 1 mM PMSF, 30 mM p-nitrophenyl phosphate, 10
mM benzamidine, 0.1% Triton X-100 (v/v), and 10 mg/ml each
protinin, leupeptin, and soybean trypsin inhibitor). Oocytes were
hen ruptured by freeze-thawing or by five passages through a
yringe with a 21-gauge needle and centrifuged at 10,000g for 10
in. Supernatant was collected and the protein concentration was
etermined by Bio-Rad assay. Supernatant was frozen in liquid
itrogen and kept at 275°C until use.
Starfish antibody to the C-terminal end of PRK2 (No. 2298;
tapleton et al., 1998) was used to immunoprecipitate PRK2 from
tarfish extracts as described by Stapleton et al. (1998). The
RK2-coated protein A beads were then washed four times in IP
uffer, once in IP buffer containing 0.2 M NaCl, and once in kinase
uffer (50 mM Hepes, pH 7.5, 10 mM MgCl2, 50 mM b-glycerol
hosphate, 1 mM DTT, 10 mg/ml each aprotinin and leupeptin).
Finally, the beads were resuspended in kinase buffer. PRK2
antibody-absorbed beads were kept on ice until use in the in vitro
kinase assay.
In Vitro Kinase Assay for PRK2
The reaction, containing 5 ml PRK2-coated beads, substrates,
1,2-dioleoyl-sn-glycerol 3 phosphate or equivalent amount of sol-
vent containing 1 mg/ml fatty-acid-free bovine serum albumin
(BSA), MgATP, and [g-32P]ATP (3000 Ci/mmol; Dupont NEN,
oston, MA) was brought to a final volume of 50 ml with kinase
buffer. The reaction mixture was incubated at room temperature
for 15 min. It was then stopped by adding 12.5 ml 53 Laemmli
ample buffer and boiling this mixture for 2 min. The PRK2
hosphorylation and its substrate phosphorylation were analyzed
y resolving the proteins by 10% SDS–PAGE gels and autoradiog-
aphy.
Copyright © 2000 by Academic Press. All rightMetabolic Labeling of eIF4E with
[32P]Orthophosphate
Starfish oocytes were prelabeled by culturing as a 35–40% (v/v)
oocyte suspension for 1.5 h at 14°C in ASW containing about 0.05
mCi/ml [32P]orthophosphate (ICN Biomedicals, Costa Mesa, CA).
Extracellular [32P]orthophosphate was removed by extensive wash-
ing with ASW for the inhibitor studies. Labeled oocytes were
diluted to a 10% suspension in ASW, preincubated with inhibitors
for 10 to 30 min, activated with 1-MA, and incubated until GVBD
(50 min at 14°C). [32P]eIF4E was prepared as above except that the
ocytes were incubated at 20% oocyte concentration in the pres-
nce of [32P]orthophosphate and 1-MA. LY294002, Wortmannin,
rapamycin, and forskolin were from BIOMOL (Plymouth Meeting,
PA).
Affinity Purification of eIF4E
To prepare cell extract for eIF4E isolation, cultured oocytes were
mixed rapidly with 4 volumes of 22°C ASW or CaFASW. Oocytes
were collected by centrifugation at 400g and, if needed, washed
again in 2°C CaFASW to remove [32P]orthophosphate. Oocytes
were then washed rapidly in 1 volume of 23 binding buffer (100
mM b-glycerol phosphate, 0.2 mM Na3VO4, 40 mM Hepes, pH 7.4,
100 mM NaCl, 0.4 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 4 mM dithiothreitol), and suspended in 2 volumes of 13
binding buffer containing 0.1 mg/ml soybean trypsin inhibitor and
20 mg/ml each aprotinin and leupeptin. Oocyte extract was pre-
ared as described.
To isolate eIF4E, supernatant at approximately 250 A 260 nm was
dded to a 0.5-ml column bed volume of 7-methyl GTP-Sepharose
B (Amersham Pharmacia Biotech) and equilibrated in 13 binding
uffer. The samples were rotated for 60 to 90 min at 4°C. The
-methyl GTP-Sepharose was then washed four times with 2 ml of
3 binding buffer containing 100 mM NaCl and twice with 2 ml of
lution buffer (100 mM NH4HCO3, 0.2 mM Na3VO4, 0.1 mM
EDTA, 1 mM phenylmethylsulfonyl fluoride, 2 mM dithiothreitol,
20 mg/ml each aprotinin and leupeptin). To elute eIF4E from the
column, the Sepharose was incubated with 0.2 ml of elution buffer
at 4°C containing 0.4 mM 7-methyl GTP. Samples were collected
after 5 min of incubation. The elution was repeated eight times for
each column. Eluates were frozen in liquid N2 and dried on a speed
acuum for 6 to 14 h. Dried samples were dissolved in 13 Laemmli
ample buffer. Proteins were isolated on SDS–PAGE gels as de-
cribed in the figure legends.
Two-Dimensional Phosphopeptide Mapping of
eIF4E Proteins
GST-4E/GST-4ES209A and eIF4E proteins were resolved on 10
and 12% SDS–PAGE gels, respectively, and blotted onto nitrocel-
lulose membranes. The desired protein bands as stained by amido
black were cut out and blocked by 0.4% (w/v) polyvinylpyrrolidone
in 100 mM acetic acid. Band strips were extensively washed, cut
into 1-mm2 pieces, and digested with 1 mg of sequence grade trypsin
(Promega) in 80 ml 50 mM NH4HCO3, pH 7.8, at 37°C overnight.
Trypsin-digested membranes were microcentrifuged and the super-
natant was collected. The supernatants were dried on a spin
vacuum, resuspended in 20% acetonitrile, and spotted onto a
thin-layer chromatography nitrocellulose plate (Eastman Kodak,
Rochester, NY). The first dimension was run at 1000 V for 45 min
in a Hunter thin-layer peptide mapping system (CBC Scientific,
s of reproduction in any form reserved.
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169PRK2 Phosphorylates eIF4E in Starfish OocytesCA) with buffer containing 10% acetic acid and 1% pyridine. Plates
were dried overnight and the second dimension was run for 4.5 h in
a chromatography tank with buffer containing 6% acetic acid and
30% each of pyridine and butanol-1-ol. The dried plates were
exposed in a phosphoimager and analyzed using Multianalyzer
(Bio-Rad, Hercules, CA).
For the comigration study, nitrocellulose containing radioactive
eIF4E or GST-4E phosphopeptides was scraped from the plastic
backing of the thin-layer plates. The phosphopeptides were eluted
from the nitrocellulose with 20% acetonitrile by sonication and
centrifugation. The supernatants were collected and counted by the
Cerenkov method for radioactivity. Equal amounts of radioactivity
from the eIF4E and GST-4E phosphopeptides were then mixed, run
in two-dimensional mapping, and analyzed as described above.
RESULTS
Characterization of Starfish eIF4E
To study the regulation of eIF4E during meiotic matura-
tion, eIF4E was cloned using degenerate primers derived
from trypsin-digested peptides of eIF4E isolated from star-
fish oocytes. The peptide sequences correspond to the
human eIF4E sequence spanning from amino acid 61 to 85
and amino acid 113 to 119 (Fig. 1, underlined). Degenerate
forward and reverse primers designed to the regions near
VITA and WLL (blue) were then used to synthesize a probe
from starfish cDNA. This cDNA probe recognized a 4.7-kb
eIF4E cDNA transcript by Northern analysis of mRNA
from oocytes, blastulae, and gastrulae stages (data not
shown). A single 3.5-kb eIF4E clone was isolated from an
oligo(dT)-primed starfish gastrula cDNA library. The 3.5-kb
eIF4E clone contained 0.6 kb of reading frame and 2.9 kb of
39 untranslated region. The cloned region of starfish eIF4E
lacks the first 19 amino acids of human eIF4E. However, the
starfish clone with a reading frame of 197 amino acids is
highly conserved. It has 57% identical, 11% closely related,
and 9% related amino acid residues compared to its human
homologue (Fig. 1). For comparison, all the amino acid
numbering in the text and Fig. 1 corresponds to the human
eIF4E sequence. In the central region of starfish eIF4E, all
eight tryptophan residues (red) are conserved as in eIF4E of
other species (Altmann et al., 1989). Other conserved resi-
ues include the residues known to make a contact with
he 7-methylguanine cap of mRNA, Trp-56, -102, and -166
nd Glu-103 (Marcotrigiano et al., 1997); positively charged
residues that contact phosphate residues of 7-methyl GDP,
Arg-112, Arg-157, and Lys-162; and the nonpolar amino acid
residues accessible to the eIF4E surface, Val-69, Trp-73,
Leu-131, and Gly-139. These nonpolar residues are likely to
interact with eIF4E binding proteins and eIF4G (Marcotri-
giano et al., 1997).
Importantly, the C-terminal serine residue that is phosphor-
ylated in the mammalian analogue is conserved (Ser-209; Joshi
et al., 1995; Makkinje et al., 1995; Flynn and Proud, 1995;
Whalen et al., 1996). In addition, the environment flanking
this Ser-209 in starfish, SKTGS209MAKSRFVV, is similar to
he mammalian eIF4E, including three exactly positioned e
Copyright © 2000 by Academic Press. All rightasic residues and a terminal hydrophobic tail. Since Ser-209
n mammalian eIF4E is phosphorylated in vitro by protein
inase C (Whalen et al., 1996), starfish eIF4E is a potential
andidate for being phosphorylated by a PKC-related enzyme.
PRK2 Phosphorylates eIF4E in a Lipid-Dependent
Manner
We previously demonstrated that PRK2 is the predomi-
nant maternal PKC-like transcript in starfish oocytes
(Stapleton et al., 1998). Since the activation of PRK2 pre-
cedes the initiation of eIF4E phosphorylation in starfish
oocytes (Xu et al., 1993; Stapleton et al., 1998), PRK2 is
ikely responsible for the early PKC-like activity observed
y Xu et al. (1993). PRK2 and PRK1 (or PKN) are lipid-
ependent kinases, which are activated by arachidonic acid,
leic acid, and other unsaturated fatty acids (Kitagawa et
l., 1995). To investigate the relationship between lipid
ependence of starfish PRK2 and phosphorylation of eIF4E,
e immunoprecipitated PRK2 from extracts of immature
tarfish oocytes. Immunoprecipitated PRK2 was incubated
ith a fusion protein of glutathione S-transferase with
FIG. 1. Starfish eIF4E amino acid sequence aligned with human
eIF4E. A 3.5-kb starfish eIF4E clone was isolated from an oligo(dT)-
primed starfish cDNA library. Starfish eIF4E has 57% identical
(vertical bars), 11% closely related (colons), and 9% related (dots)
amino acid residues compared to its human homologue. All 8
tryptophan residues (red) are conserved. The PKC phosphorylated
serine-209 in the mammalian protein is conserved in starfish eIF4E
and the putative trypsin-digested peptide surrounding serine-209
(italic) is underlined. Gaps are shown by asterisks. For comparison,
all the amino acid numbering corresponds to the human eIF4E
sequence.IF4E (GST-4E) in the presence of 10 mCi [g-32P]ATP, 11 mM
s of reproduction in any form reserved.
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170 Lee et al.MgATP, and different amounts of the unsaturated phospha-
tidic acid, 1,2-dioleoyl-sn-glycerol 3-phosphate. Optimal
phosphorylation of PRK2 and eIF4E occurred with the
addition of 15 mM 1,2-dioleoyl-sn-glycerol 3-phosphate (Fig.
2). Thus, unsaturated phosphatidic acid is required for the
phosphorylation of PRK2 and subsequent phosphorylation
of GST-4E.
We previously showed that PRK2 from the mature oo-
cytes was more highly phosphorylated than that from
immature oocytes (Stapleton et al., 1998). As expected the
basal activity of PRK2 immunoprecipitated from 1-MA-
treated oocytes was higher than that from untreated oo-
cytes (data not included). Phosphatidic acid also increased
the phosphorylation of PRK2 from the mature oocytes, but
not as significantly as for PRK2 from immature oocytes
(data not shown). We chose to concentrate on the activation
of PRK2 from immature oocytes because of the greater
activation by phosphatidic acid.
eIF4E Is Phosphorylated at the Same Site in Vivo
as in Vitro
Since PRK2 can phosphorylate GST-4E in vitro, we
sked whether PRK2 is the endogenous kinase for eIF4E.
wo-dimensional phosphopeptide mapping is a powerful
ool for determining the phosphorylation sites of pro-
eins. We used this method to identify and compare the
ites of eIF4E phosphorylated in vivo with those of
acterially expressed GST-4E phosphorylated in vitro.
FIG. 2. Phosphorylation of eIF4E GST fusion protein (GST-4E) by
PRK2 is lipid dependent. GST-4E was incubated for 15 min at room
temperature with PRK2 immunoprecipitated from starfish oocytes
in a kinase buffer containing 10 mCi [g-32P]ATP and 11 mM MgATP
with different amount of 1,2-dioleoyl-sn-glycerol 3-phosphate (PA).
Proteins were resolved in 10% SDS–PAGE gels, processed, and
exposed to X-ray films as described under Materials and Methods.
In the absence of PA, a slight autophosphorylation of PRK2 was
seen, but no significant phosphorylation of GST-4E was observed.
With the addition of PA, the phosphorylation of GST-4E and PRK2
was greatly enhanced in a dose-dependent manner. The protein band
above eIF4E is BSA, which was used to suspend PA. The optimum
phosphorylation of eIF4E and PRK2 occurred at 15 mM PA.mmature oocytes were incubated with [32P]orthophos- a
Copyright © 2000 by Academic Press. All righthate, activated by the maturation hormone 1-MA, and
hen lysed during GVBD. The resultant 32P-labeled eIF4E
as isolated as a protein complex from the cell extracts
n 7-methyl GTP-Sepharose, separated on 12% SDS–
olyacrylamide gels, blotted to nitrocellulose mem-
ranes, and analyzed by autoradiograph. eIF4E on these
embranes was digested with trypsin and subjected to
wo-dimensional phosphopeptide mapping using nitro-
ellulose thin-layer chromatography (TLC) plates. The
LC plates were then developed by phosphoimaging.
ST-4E was phosphorylated in vitro with PRK2 as de-
cribed in Fig. 2. Phosphorylated GST-4E was similarly
rocessed and then subjected to phosphopeptide mapping
n parallel with eIF4E phosphorylated in vivo to standard-
ze their migrations. Tryptic digests of eIF4E phosphory-
ated in vivo contained three major (numbered 1 through
) and two minor phosphopeptides (Fig. 3A). In contrast,
wo major phosphopeptides (numbered 1 and 2) were seen
n tryptic digests of GST-4E phosphorylated in vitro (Fig.
B). A third faint phosphopeptide was occasionally ob-
erved in GST-4E at a position similar to that of phos-
hopeptide 3 in Fig. 3A (data not shown). Interestingly,
he pattern of the three phosphopeptides from GST-4E
ppears to coincide with the major phosphopeptides
erived from eIF4E, which indicated that they might be
he same phosphopeptides.
Why so many peptides if only one site was phosphory-
ated in eIF4E and GST-4E? Tryptic peptides containing
ethionine residues are easily oxidized in handling. Oxi-
ized peptides are less hydrophobic than the nonoxidized
orms and would run slower in the chromatography (verti-
al dimension) and would be closer to the origin. Therefore,
t is very likely that the two vertically displayed phos-
hopeptides (1 and 2) derived from eIF4E and GST-4E
epresent the trypsin-digested peptide, TGS209MAK (Fig. 1,
underlined) and that phosphopeptide 2 has an oxidized
methionine residue and phosphopeptide 1 a reduced methi-
onine residue. The slower migrating and oxidized phos-
phopeptide 2 was the most predominant spot and often was
the only phosphopeptide in the GST-4E peptide maps (data
not shown).
In order to verify the similarity of phosphopeptide 2
derived from eIF4E with that from GST-4E, we tested
whether the two phosphopeptides would comigrate on
another two-dimensional map. Phosphopeptides 2 (as indi-
cated in Figs. 3A and 3B) were extracted from the TLC
cellulose. The radioactivity of each sample was counted by
the Cerenkov method. An equal amount of radioactivity
from each phosphopeptide was mixed and rerun using
two-dimensional mapping as above. The mixed phos-
phopeptides from GST-4E and eIF4E migrated to a single
point on the map (Fig. 3C). The exact comigration of the
two phosphopeptides from in vivo and in vitro sources
indicates they are the same peptide. This peptide is likely to
be TGS209MAK (Fig. 1) with a phosphorylated Ser-209 and
n oxidized methionine residue as discussed above.
s of reproduction in any form reserved.
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To ask whether the Ser-209 of GST-4E was phosphory-
lated by PRK2 in vitro, we altered Ser-209 to an alanine
esidue using site-directed mutagenesis. Wild-type GST-4E
FIG. 3. PRK2 phosphorylates GST-4E in vitro at the same site as e
with [32P]orthophosphate by using 7-methyl GTP-Sepharose. GST-4
2. Proteins were resolved in 12 and 10% SDS–polyacrylamide ge
corresponding bands were excised from the blot and treated with t
two-dimensions on TLC plates and exposed in a Bio-Rad phosphoim
from plates and extracted. Equal amounts of radioactivity from GS
The spots from eIF4E and GST-4E comigrated as a single spot, whi
was separated on a two-dimensional map as above. No major p
corresponding to 1 and 2, that are not visible on this map. The ori
the arrows. These data are representative of at least two experimeas heavily phosphorylated in vitro by PRK2 in the pres-
Copyright © 2000 by Academic Press. All rightnce of 15 mM 1,2-dioleoyl-sn-glycerol 3-phosphate (PA)
(Fig. 4, Wild Type). The phosphorylation of the mutant
GST-4ES209A by PRK2 was significantly reduced in com-
parison to that of wild-type GST-4E (Fig. 4, Mutant). The
slight phosphorylation of GST-4ES209A by PRK2 is similar
is phosphorylated in vivo. eIF4E was isolated from oocytes labeled
d GST-4E209A were phosphorylated by PRK2 as described for Fig.
eIF4E and GST-4E/GST-4E209A, respectively, and blotted. The
n. Tryptic peptides of eIF4E (A) and GST-4E (B) were separated in
. (C) The phosphopeptide spots labeled “2” in A and B were scraped
and eIF4E phosphopeptides were mixed and rerun in a TLC plate.
dicated that they are the same phosphopeptide. (D) GST-4ES209A
hopeptides were seen. Occasionally, faint spots were observed,
are located at the center bottom of the TLC plates as indicated by
r each map.IF4E
E an
ls for
rypsi
ager
T-4E
ch in
hosp
ginsto that of the recombinant GST protein (Fig. 4, Vector).
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most likely on its GST protein.
To verify the absence of phosphorylation of 4ES209A, we
analyzed GST-4ES209A phosphorylated by PRK2 in parallel
with GST-4E using two-dimensional phosphopeptide map-
ping (Fig. 3D). No major phosphopeptide was found on the
GST-4ES209A maps; however, faint spots (data not shown)
occasionally occurred at positions 1 and 2 as in GST-4E (Fig.
3C). These results indicate that PRK2 most likely phos-
phorylates eIF4E at Ser-209. PRK2 is a bona fide candidate
for the eIF4E physiological kinase during meiotic matura-
tion because (1) the same trypsin-digested peptide is phos-
phorylated in vivo and in vitro and (2) the mutant
GST4ES209A is not phosphorylated by PRK2.
cAMP and PI3 Kinase Regulate GVBD in P.
ochraceus Oocytes
Two or more signaling pathways may be involved in the
regulation of meiotic resumption during oocyte maturation
in starfish. To study the regulatory roles of these signaling
pathways, we treated oocytes with pharmacological re-
agents known to interfere with these pathways in starfish
oocytes. The degree of inhibition by a pharmacological
reagent depends on the opposing effects of the cell. Thus,
we determined the subthreshold concentration of 1-MA
required for GVBD in order not to overstimulate the oo-
cytes. Figure 5 shows an example of the activation of GVBD
by 1-MA. In these oocytes complete activation occurred
with 100 nM 1-MA. The effective dosage varied between
FIG. 4. PRK2 phosphorylates GST-4E at serine-209. Wild-type
ST-4E, the mutated GST-4ES209A in which serine-209 is re-
laced by an alanine, or GST alone was incubated with PRK2 in a
inase buffer containing 10 mCi [g-32P]ATP and 11 mM MgATP
with or without 25 mM PA (1,2-dioleoyl-sn-glycerol 3-phosphate) as
described for Fig. 2. Phosphorylation of GST-4ES209A by PRK2 was
significantly reduced compared to GST-4E phosphorylation in the
presence of 1,2-dioleoyl-sn-glycerol 3-phosphate. The protein band
above eIF4E is BSA, which was used to suspend PA. The slight
phosphorylation of GST-4ES209A is likely due to phosphorylation
of the GST moiety since a slight phosphorylation was also observed
in the GST vector protein. These data are representative of at least
three separate experiments.100 and 300 nM for oocytes from different females.
Copyright © 2000 by Academic Press. All rightOne of the early responses during meiosis in starfish
ocytes is the reduction of intracellular concentration of
AMP, a decrease that would lead to a reduction of PKA
ctivity. An increase in intracellular cAMP is known to
lock the initiation of protein synthesis (Meijer et al., 1989;
Xu et al., 1993). Two of the well-known reagents that alter
intracellular cAMP levels are IBMX and forskolin. IBMX is
a phosphodiesterase inhibitor that inhibits the breakdown
of cyclic nucleotides and thus raises the level of cAMP.
IBMX has been shown to block GVBD in starfish oocytes
(Xu et al., 1993). Forskolin selectively and specifically
activates adenylyl cyclase, which is the cAMP synthesizing
enzyme, and thus forskolin raises cAMP levels. Here we
show that preincubating oocytes with 40 mM forskolin also
prevents oocytes from going through GVBD (Fig. 6, tri-
angles), confirming that high levels of cAMP block GVBD.
The PI3 kinase pathway has been shown to mediate
GVBD in oocytes from the starfish species Asterina mini-
ata (Sadler and Ruderman, 1998). In addition, the PI3
kinase/protein kinase B/FRAP/mTOR kinase pathway has
been shown to stimulate 4EBP phosphorylation and to be
required for the release of 4EBP from eIF4E in mammals
(Gingras et al., 1998, 1999a). In order to investigate the role
of this pathway on GVBD in P. ochraceus oocytes, we used
Y294002 and rapamycin, which inhibit PI3 kinase and
RAP/mTOR kinase, respectively. Preincubating oocytes
ith 200 mM LY294002 prevented oocytes from going
hrough GVBD (Fig. 6, circles). However, 10 mM rapamycin
did not inhibit GVBD (Fig. 6, squares). Clearly, FRAP/
FIG. 5. Activation of germinal vesicle breakdown by
1-methyladenine in starfish oocytes. The threshold amount of
1-MA needed to trigger the GVBD in starfish oocytes was deter-
mined by treating immature oocytes with increasing amounts of
1-MA. The % GVBD was determined by counting the number of
oocytes per 100 oocytes showing the disappearance of the nuclear
membrane at 50 min after 1-MA addition. It was found that 100 nM
is sufficient to trigger .90% GVBD in starfish oocytes. These data
are representative of at least three experiments.
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activity is required for GVBD.
cAMP and PI3 Kinase Regulate PRK2 Activity in
P. ochraceus Oocytes
We examined the effects of cAMP and PI3 kinase on
PRK2 by elevating cAMP levels with forskolin and IBMX
and blocking PI3 kinase activity with LY294002. We also
blocked FRAP/mTOR kinase with rapamycin. The activa-
tion of PRK2 was analyzed by its phosphorylation-
dependent electrophoretic mobility shift. PRK1/PKN and
PRK2 in mammals have been shown to be autophosphory-
lated in vitro in correlation with an increase in in vitro
kinase activity (Palmer et al., 1995a,b; Yu et al., 1997).
Similarly an in vivo increase in PRK2 activity in starfish
oocytes is correlated with an increase in phosphorylation
(Stapleton et al., 1998). PRK2 phosphorylation, as indicated
by a shift in PRK2 mobility, begins as early as 10 min after
the addition of 1-MA (Stapleton et al., 1998; Fig. 7A). The
effect of the pharmacological agents on the mobility of
PRK2 is shown in Fig. 7B. PRK2 again showed an upward
shift for the control oocytes at 25 and 45 min after 1-MA
addition. In contrast, LY294002, which inhibits PI3 kinase
activity, blocked the shift in PRK2 mobility at 25 min as
evident by the lack of an upward band shift. The diffuse
band at 45 min for LY294002-treated oocytes may be due to
a decrease in LY294002 activity. Similar results were ob-
tained for another inhibitor of PI3 kinase, Wortmannin
(data not shown). Thus, both PRK2 phosphorylation and
GVBD depend on the activity of PI3 kinase. Rapamycin
blocked the function of FRAP/mTOR kinase, which is
FIG. 6. Forskolin and LY294002 block GVBD induced by 1-MA.
Immature starfish oocytes were pretreated for 10 min with DMSO
(control), 10 mM rapamycin, 40 mM forskolin, or 200 mM LY294002
prior to the addition of 0.2 mM 1-MA. The % GVBD was measured
as described for Fig. 5. Forskolin and LY294002 completely blocked
GVBD. In contrast, rapamycin had no inhibitory effect on GVBD.
These data are representative of at least three experiments.downstream of PI3 kinase. In rapamycin-treated oocytes, m
Copyright © 2000 by Academic Press. All rightthe shift in PRK2 mobility was observed at 25 and 45 min
after 1-MA addition (Fig. 7B, R). These observations suggest
that PI3 kinase, but not FRAP/mTOR kinase, activates
PRK2.
PRK2 activity was also tested in the presence of IBMX
and forskolin, which artificially elevate the level of cAMP.
The mobility of PRK2 was not shifted in the IBMX-treated
oocytes (Fig. 7B, I). Forskolin also inhibited PRK2 phosphor-
ylation at 25 min, as indicated by the absence of a band
shift, but a slight PRK2 shift was observed at 45 min (Fig.
7B, F). Thus, when intracellular cAMP levels remain high
PRK2 phosphorylation is not activated. These results sug-
gest that both PRK2 activation and GVBD are mediated by
a decrease in intracellular cAMP concentration.
FIG. 7. LY294002, forskolin, and IBMX inhibit the phosphoryla-
tion of PRK2 as indicated by the absence of the shift in the mobility
of PRK2 during oocyte maturation, but rapamycin does not. (A)
Samples from starfish oocytes taken before or after the addition of
1-MA are alternately displayed to emphasize the gel shift of PRK2.
The PRK2 phosphorylation is evident by the mobility shift as early
as 10 min in 1-MA-treated oocytes. The shift in the mobility of
PRK2 was complete between 30 and 60 min. (B) Starfish oocytes
were treated with 0.2 mM 1-MA after preincubation for 30 min
without or with 200 mM LY294002 (LY), 40 mM forskolin (F), 1 mM
BMX (I), or 10 mM rapamycin (R). Samples were taken at the
ndicated times after the addition of 1-MA. Samples without any
reatment were also taken as time zero (0) prior to experiments.
roteins from each sample were resolved on a 6% SDS–
olyacrylamide gel and analyzed by Western blots probed with
RK2 antibody. In the control (11-MA) and in the rapamycin-
reated oocytes, the shift in the mobility of PRK2 occurred by 25
nd at 45 min. In contrast, the mobility shift of PRK2 was inhibited
n LY294002-, forskolin-, and IBMX-treated oocytes at 25 min, but
artially recovered in LY294002- and forskolin-treated oocytes at
5 min. These data are representative of more than two experi-
ents.
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batches of oocytes, which we believe to be seasonal effects.
These reagents have more profound inhibition on starfish
oocytes late in the season. In those experiments done in
October and November, LY294002 and forskolin more
effectively blocked the mobility shift of PRK2. Similarly,
the shift was partially blocked by rapamycin (data not
shown). However, overall, these data show that the PRK2
phosphorylation, similar to GVBD, is inhibited by an in-
crease in intracellular cAMP concentration and that it
requires an increase in PI3 kinase activity.
cAMP and PI3 Kinase Also Regulate the
Phosphorylation of eIF4E and 4EBP during
Meiotic Maturation
Because PRK2 phosphorylation, and thus its activation, is
inhibited by cAMP and requires activation of PI3 kinase, we
asked whether both of these pathways are also necessary for
the activation of protein synthesis machinery. In particular,
we investigated their roles in the phosphorylation of eIF4E
and its inhibitory binding protein, 4EBP. Starfish oocytes
preloaded with [32P]orthophosphate in phosphate-free ASW
were preincubated with or without inhibitory reagents
before the addition of the maturation hormone 1-MA. The
metabolism of the oocytes was rapidly stopped in 22°C
ASW or CaFASW at the designated times. eIF4E and its
associated proteins were isolated from oocyte extract and
the affinity-purified proteins were separated on SDS–
polyacrylamide gels and analyzed by autoradiography as
described. A 28-kDa band, which corresponds to the starfish
eIF4E, was identified by Western blot analysis when probed
by starfish eIF4E antibody (Fig. 8A). For quantitative anal-
ysis, the optical densities of corresponding bands scanned
from autoradiograms (Fig. 8B) were used to measure the
relative phosphorylation of eIF4E. To analyze the data from
three to six experiments, the optical density of [32P]eIF4E
fter preloading [32P]orthophosphate (Fig. 8B, lane 0) was
subtracted from the experimental values. Then the data for
separate experiments were normalized by setting the con-
trols that were treated with 1-MA to a value of 1 (Fig. 8C,
lane C). Thus, several experiments could be analyzed sta-
tistically and the final data are presented as the relative
phosphorylation (Fig. 8C). A large increase in the phosphor-
ylation of eIF4E during oocyte maturation occurred from
the softening of the germinal vesicle membrane compared
to a control incubated without 1-MA (Figs. 8B and 8C;
compare lane C open bars with lane 21 MA). In contrast,
when PI3 kinase activity was blocked by adding LY294002
in the presence of 1-MA there was very little increase in
eIF4E phosphorylation. The increase in phosphorylation
was about 14 that of the 1-MA-stimulated control (Figs. 8B
nd 8C; compare lanes LY and C; n 5 6). Thus, PI3 kinase
s required for eIF4E phosphorylation. Blocking the 1-MA-
timulated decrease in cAMP by forskolin and IBMX also
revented significant phosphorylation of eIF4E. In the pres-
nce of forskolin, phosphorylation was about 15 that of the
Copyright © 2000 by Academic Press. All rightontrol with 1-MA, and inhibition with IBMX kept the
hosphorylation lower than that of the background phos-
horylation of the 21-MA controls (Figs. 8B and 8C; com-
are lanes F and I with lane C). IBMX not only inhibits
AMP phosphodiesterase, but also other phosphodiester-
ses that might lead to the buildup of cyclic nucleotides. In
ummary, the phosphorylation of eIF4E in maturing oo-
ytes is inhibited in a high cAMP environment and is
locked by a PI3 kinase antagonist. Thus, most likely a
ecrease in the levels of cAMP in oocytes promotes phos-
horylation of eIF4E and the activation of PI3 kinase is
ikely required for the phosphorylation of eIF4E.
4EBP is one of the associated proteins bound to the eIF4E
solated from the 7-methyl GTP-Sepharose. Western analy-
is showed that starfish 4EBP with a molecular weight of 18
Da is copurified with eIF4E in the immature and maturing
ocytes (Fig. 8A). In mammalian cells LY294002 and rapa-
ycin block the phosphorylation 4EBP by the FRAP/
TOR kinase. FRAP/mTOR kinase is downstream of PI3
inase and known to phosphorylate threonine-37 and -46
esidues on mammalian 4EBP1. This phosphorylation leads
o the activation of 4EBP for further phosphorylation by an
nknown kinase and eventual release from eIF4E (Gingras
t al., 1999a). Therefore, we analyzed the phosphorylation
f eIF4E-bound 4EBP in parallel with eIF4E. A large increase
n the phosphorylation of 4EBP bound to eIF4E was seen in
he control 1-MA-treated oocytes compared to those with-
ut 1-MA (Figs. 8B and 8C; lane C filled bars compared to
ane 21 MA; n 5 6). Thus as expected, PI3 kinase strongly
ffects 4EBP phosphorylation. Similarly we showed that the
ctivation of 4EBP kinase is also very likely dependent on a
ormal decrease in cAMP. In the presence of 1-MA and
orskolin or 1-MA and IBMX, the phosphorylation of 4EBP
as about 110 that of the 1-MA control (Figs. 8B and 8C; lanes
F and I compared to lane C; n 5 3 to 5). In contrast, the
effect of rapamycin on 4EBP phosphorylation by FRAP/
mTOR was surprising. In the starfish oocytes phosphoryla-
tion of 4EBP in the presence of rapamycin and 1-MA was
about 90% of the control in the presence of 1-MA (n 5 4).
Rapamycin did not prevent significant phosphorylation of
eIF4E-bound 4EBP. One possibility is that starfish oocytes
use a rapamycin-insensitive kinase to phosphorylate 4EBP.
This phosphorylation could swamp out that by FRAP/
mTOR kinase. Another possibility is that rapamycin did
not sufficiently penetrate the oocytes at the concentrations
used, even though we used much higher concentrations
than for mammalian cells. We conclude that a pathway that
is dependent on PI3 kinase phosphorylates the 4EBP that is
still bound to eIF4E. This pathway may or may not be
dependent on FRAP/mTOR.
Since the above experiments regarding 4EBP observed
only the fraction of 4EBP that remained bound to eIF4E, we
analyzed phosphorylation of unbound 4EBP in the
flowthrough fractions from the 7-methyl GTP-Sepharose
columns. The samples were boiled, resolved in SDS–PAGE,
blotted, and autoradiographed (Gingras et al., 1999a). As
shown in Fig. 9, three protein bands at about 18 kDa
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightbecame phosphorylated upon stimulation with 1-MA (the
top two bands merged due to the strong phosphorylation).
LY294002 and forskolin blocked the phosphorylation of free
presumptive 4EBP as they did the phosphorylation of eIF4E-
bound 4EBP. For the rapamycin-treated oocytes, the phos-
phorylation of this presumptive 4EBP was only slightly
reduced. Again it is likely that FRAP/mTOR kinase has
little effect on the phosphorylation of starfish oocyte 4EBP,
although we cannot rule out the possibility that rapamycin
is not in a high enough concentration in the oocytes.
However, one possible conclusion is that starfish 4EBP is
not regulated in oocytes as in mammalian cells or that
phosphorylation by other kinases swamps out the FRAP/
mTOR-dependent phosphorylation. For the unbound, un-
purified 4EBP there is also a possibility that the 18-kDa
proteins are contaminated with other proteins, which we
have not been able to identify. In fact, we have not been able
to confirm the identity of these 18-kDa bands as 4EBP by
Western blots. Despite the inconclusiveness of these ex-
periments on unbound 4EBP, they and the conclusive
experiments on eIF4E-bound 4EBP do show that 4EBP is in
starfish oocytes and 4EBP may play an important role in the
regulation of protein synthesis. These observations are the
FIG. 9. Forskolin and LY294002 inhibit the phosphorylation of
unbound 4EBP during oocyte maturation. The flowthrough
samples from extracts purified by 7-methyl GTP column were
collected and boiled for 7 min. The boiled samples were centrifuged
and the supernatants analyzed for unbound 4EBP. Unbound 4EBP
fraction was resolved on 16% SDS–PAGE, blotted, and autoradio-
graphed. Three protein bands around 18 kDa (as judged by amido
black stain, data not shown) were phosphorylated in the 1-MA-
stimulation samples by GVBD. The top two bands were highly
phosphorylated and merged on the autoradiograph. The phosphor-
ylation of unbound 4EBP was significantly abolished in the oocytes
treated with 200 mM LY294002 and 40 mM forskolin, but only
artially reduced in the oocytes treated with 10 mM rapamycin.
hese results are representative of two independent experiments.
multiple experiments were derived by measuring the optical den-
sity of the corresponding bands in the autoradiograms. The data are
normalized to the optical density of the 1-MA-treated control (C),
which is designated as 1 for each experiment. Data from three to six
experiments were compared to the corresponding 1-MA-treated
control oocytes, by “two-sample assuming unequal variances t
test” using Microsoft Excel 98 (Macintosh). Only top error bars are
shown in the graph. Data marked ** have a P , 0.005 and thoseFIG. 8. LY294002, forskolin, and IBMX inhibit the phosphorylation
f eIF4E and eIF4E-associated 4EBP during oocyte maturation. (A) A
olyclonal antibody to starfish eIF4E recognizes a 28-kDa band in
solates from immature (I) and mature (M) starfish extracts and a
9-kDa band of GST-eIF4E. A polyclonal antibody to 4EBP supplied by
r. A.-C. Gingras recognizes an 18-kDa band in a fraction of 7-methyl
TP-purified eIF4E from immature (I) and mature (M) starfish ex-
racts. 4EBP was bound to eIF4E and copurified with it. (B) eIF4E and
ccessory proteins were isolated from oocyte extracts as described
nder Materials and Methods, resolved on a 16% SDS–
olyacrylamide gel, and then blotted and autoradiographed. Samples
hown are: (0) immature starfish oocytes preloaded with
32P]orthophosphate and analyzed at time 0, (21 MA) immature
ocytes incubated without 1-MA for the same length of time as the
xperimental samples, (C) control oocytes preincubated without ad-
itions then incubated with 1-MA, and oocytes preincubated for
0–30 min with (LY) 200 mM LY 294002, (F) 40 mM forskolin, (R) 10
mM rapamycin, or (I) 1 mM IBMX and then treated with 1-MA. No
significant increase in phosphorylation of either eIF4E or 4EBP was
recorded in samples incubated without 1-MA addition (21 MA) for
the same amount of time as other samples. A large increase in
phosphorylation in both eIF4E and bound 4EBP by GVBD occurred in
1-MA-treated oocytes. In contrast, the 1-MA-induced phosphoryla-
tion of both eIF4E and 4EBP was very low in the presence of
LY294002-, forskolin-, or IBMX-treated oocytes. The inhibition of
phosphorylation by rapamycin was much less and was inconsistentarked * have a P , 0.05.
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176 Lee et al.first demonstration of 4EBP in invertebrates. In summary,
in starfish oocytes eIF4E and 4EBP are phosphorylated by
pathways inhibited by high levels of intracellular cAMP
and mediated by the activation of PI3 kinase.
DISCUSSION
The major regulation of protein synthesis rates is by the
activity and availability of eIF4E, which is present in
limiting amounts in most cells. eIF4E activity is regulated
in turn by phosphorylation (Gingras et al., 1999b). We
previously showed that in starfish oocytes eIF4E is phos-
phorylated during meiosis (Xu et al., 1990). We also showed
that protein kinase C-related kinase 2 increases in activity
shortly after stimulation of meiosis by the maturation
hormone, 1-methyladenine, and before the phosphorylation
of eIF4E (Stapleton et al., 1998). In this study, we demon-
strate that PRK2 phosphorylates eIF4E at the same site in
vitro as is phosphorylated in intact oocytes treated by
1-methyladenine. These results suggest that PRK2 may
mediate protein synthesis by phosphorylating eIF4E during
meiotic maturation in starfish oocytes. In addition, we
showed that the activation of PRK2 and subsequent eIF4E
and 4EBP phosphorylation are downstream of activation of
PI3 kinase and inactivation of cAMP-dependent protein
kinase, which are elicited by maturation hormone,
1-methyladenine.
Model for the Activation of Protein Synthesis in
Starfish Oocytes during Meiotic Maturation
With this new information, we present in Fig. 10 a model
for the activation of PRK2 and eIF4E in starfish oocytes.
The 1-methyladenine-mediated pathway bifurcates after
the dissociation of activated Gi proteins. Gibg subunit leads
to the activation of PI3 kinase (Sadler and Ruderman, 1998).
Gia likely inactivates adenylyl cyclase and decreases the
concentration of cytoplasmic cAMP (Meijer et al., 1989).
We demonstrated that both pathways affect the activation
of PRK2. The PI3 kinase inhibitor, LY294002, blocks GVBD
and PRK2 activation. Forskolin, an adenylyl cyclase activa-
tor, and IBMX, a phosphodiesterase inhibitor, inhibit the
PRK2 activation by increasing the cytoplasmic cAMP con-
centration. These results suggest that PI3 kinase leads to
the activation of starfish PRK2 while active adenylyl cy-
clase inhibits PRK2 activity. Among the classes of PI3
kinase, class I PI3 kinase may be the more relevant starfish
PI3 kinase since it can be activated by Gbg (Stephens et al.,
1994, 1997; Vanhaesebroeck and Waterfield, 1999). Class I
PI3 kinase contains a lipid kinase activity and a protein
kinase activity that can phosphorylate itself and another
substrate (Lam et al., 1994; Freund et al., 1995). Thus,
starfish PI3 kinase could activate targets by its kinase lipid
products or by phosphorylation. These targets would be
upstream of PRK2 activation, eIF4E phosphorylation, and
GVBD. Although we have shown that phosphatidic acid a
Copyright © 2000 by Academic Press. All rightctivates starfish PRK2 in vitro, we cannot say whether
ipids or phosphorylation by other kinases is more impor-
ant in the activation of starfish PRK2 in vivo. In addition,
ecent studies suggest that small GTPases Rho and Rac
Watanabe et al., 1996; Amano et al., 1996; Lu and Settle-
man, 1999) as well as phosphoinositide-dependent protein
kinase-1 (PDK1) may relay the PI3 kinase signal to PRK2
(Balendran et al., 1999, 2000; Dong et al., 2000). The role of
ho/Rac and PDK1 in the PRK2-dependent signaling path-
ay during starfish oocyte maturation awaits further inves-
igation. Our model (Fig. 10) leaves out these details known
n mammals, which have not been shown for starfish
ocytes. We have also left as a question how 4EBP is
ctivated. PI3 kinase and adenylyl cyclase may also regulate
rotein synthesis via 4EBP phosphorylation, since 4EBP
hosphorylation is also dependent on both pathways.
Three lines of evidence suggest that PRK2 may be the
ndogenous kinase for eIF4E: (1) PRK2 phosphorylates
IF4E at the same site in vitro as in vivo. (2) Inhibition of
I3 kinase by LY2940002 blocks both PRK2 activation and
IF4E phosphorylation. (3) Blocking the decrease in cyto-
lasmic cAMP levels by forskolin and IBMX again blocks
oth PRK2 activation and eIF4E phosphorylation. There-
ore, PRK2 is the most plausible kinase to regulate eIF4E
FIG. 10. A model for the regulation of eIF4E phosphorylation
during the meiotic maturation of starfish oocytes. PI3 kinase- and
adenylyl cyclase-dependent pathways are both required for the
regulation of initiation of protein synthesis during maturation via
PRK2-dependent eIF4E phosphorylation.ctivity in vivo during oocyte maturation in starfish. Defi-
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177PRK2 Phosphorylates eIF4E in Starfish Oocytesnite proof awaits in vivo studies using unknown PRK2
inhibitors or a dominant-negative PRK2.
Regulation of eIF4E by Phosphorylation
eIF4E is an integral part of a trimeric translation initia-
tion complex, eIF4F, which includes a scaffold protein
eIF4G, an RNA helicase eIF4A, and a mRNA cap-binding
protein eIF4E (Pain, 1996; Sonenberg and Gingras, 1998).
eIF4F binds to eukaryotic mRNA via eIF4E, which recog-
nizes the mRNA m7GpppN cap structure (N represents any
nucleotide). As stated above, eIF4E is regulated by phos-
phorylation. The phosphorylation of eIF4E increases the
rate of protein synthesis (Duncan et al., 1987; Rychlik et al.,
1990; Kaspar et al., 1990; Mao et al., 1992) and the affinity
f eIF4E for capped mRNA and eIF4G (Bu et al., 1993;
amphear and Panniers, 1990; Minich et al., 1994; Marco-
rigiano et al., 1997). One of most thoroughly studied eIF4E
inases is PKC which can phosphorylate eIF4E at the
hysiological phosphorylation site, C-terminal serine-209
Morley and Traugh, 1990; Tuazon et al., 1990; Joshi et al.,
1995; Whalen et al., 1996). During insulin stimulation of
cells, the MAP kinase cascade is required for the phosphor-
ylation of eIF4E, and generic PKC inhibitors do not block
insulin-stimulated phosphorylation of eIF4E (Flynn and
Proud, 1996a,b). These observations weaken the argument
for PKC to be the sole kinase mediating mitogen-dependent
eIF4E activation in vivo. A newly discovered MAP kinase-
interacting kinase (Mnk1) phosphorylates eIF4E in vitro and
in vivo in an insulin-dependent manner (Waskiewicz et al.,
1997, 1999). Therefore, PKC activators such as phorbol
esters and insulin stimulate eIF4E phosphorylation by dis-
tinct pathways (Flynn and Proud, 1996a). In starfish oo-
cytes, the phosphorylation of eIF4E occurs 15 min after
1-methyladenine stimulation, which is earlier than the
activation of MAP kinase, which occurs at 25 min (Xu et
al., 1993; Kishimoto, 1998, 1999; Lefebvre et al., 1999).
Therefore, the time sequence of the activation of MAP
kinase makes it unlikely that MAP kinase-dependent Mnk1
is the eIF4E kinase in starfish oocytes. The other candidate,
PRK2, is activated in starfish oocytes before the phosphor-
ylation of eIF4E and the activation of MAP kinase. Thus,
PRK2 could phosphorylate eIF4E independent of MAP ki-
nase during meiotic maturation of starfish oocytes. Since
PRK2 phosphorylates GST-4E at the serine-209 residue in
vitro, which is the same serine residue phosphorylated in
vivo, PRK2 is the most plausible candidate for phosphory-
lating eIF4E during meiotic maturation in starfish oocytes.
This is a novel and important finding that has implications
in the cellular functions of PRK2 and its related kinases.
The PRK family has implicit functions in other physiolog-
ical processes as discussed below. In very few of these
processes, however, are the substrates of the PRK involved
known.
Copyright © 2000 by Academic Press. All rightPhysiological Functions of Protein Kinase-Related
Kinases
PRK2, a serine–threonine protein kinase, belongs to a
protein kinase C-related kinase family, which includes at
least three members, PKN/PRK1, PRK2, and PRK3 (Mukai
and Ono, 1994; Palmer et al., 1994, 1995b). PKN/PRK1 can
phosphorylate synthetic peptides from PKC isoforms a, d, e,
nd z (Kitagawa et al., 1995) and peptides with highly basic
esidues derived from S6 kinase, glycogen synthase, EGFR,
nd myelin basic protein, which are also known substrates
or PKC (Morrice et al., 1994a; Kitagawa et al., 1995; Yu et
al., 1997). These studies confirm that the PKN/PRK1 family
shares the same substrate specificity as PKC. However,
none of these substrates has been shown to be a physiolog-
ical substrate of a PRK. Here we report a possible regulation
of the initiation of protein synthesis during meiosis by
starfish PRK2. The substrate eIF4E contains basic residues
flanking Ser-209 that originally suggested that eIF4E could
be a substrate for PRK2. The studies reported here confirm
that starfish eIF4E is phosphorylated by PRK2 and, mostly
likely, during meiosis.
The protein kinase C-related kinases have been found to
be involved in cell cycle progression (Takahashi et al.,
1999), apoptosis (Cryns et al., 1997; Takahashi et al., 1998;
Sumioka et al., 2000), and Drosophila development (Lu and
ettleman, 1999). However, the substrates of the PKN/
RK1 family in these cases have not been identified.
Cellular localization of molecules is often a critical factor
or their functional controls. In a previous paper, we showed
hat starfish PKR2 relocalized from the cytoplasm to the
ucleus (germinal vesicle) soon after activation of PRK2 and
ubsequent resumption of meiosis (Stapleton et al., 1998).
e also showed that starfish PRK2 has the same functional
omains for binding Rho- or Rac-GTPase as mammalian
RK2 (Stapleton et al., 1998). Since the publication of our
tudy, Mellor and colleagues showed that RhoB targets
KN/PRK1 to endosomes (Mellor et al., 1998; Gampel et
l., 1999). In adipocytes, PKN/PRK2 is translocated to the
ndoplasmic reticulum with RhoB (Standaert et al., 1998).
hus, Rho may also be involved in localization to or from
he nuclei and endomembranes. Many other proteins in
ddition to Rho may also be involved in the subcellular
elocalization of PKN/PRK1. PKN/PRK1 may be localized
o the cytoskeleton via rod-head domains of the intermedi-
te filaments vimentin and neurofilament, since PKN binds
o and phosphorylates them in vitro (Matsuzawa et al.,
997; Mukai et al., 1996). PKN/PRK1 also binds a-actinin
(Mukai et al., 1997). In Alzheimer’s syndrome, PKN/PRK1
shifts from perinuclear vesicles to the cortical cytoplasm of
dendrites coincident with relocalization of the tau protein
and the formation of the neurofilament tangles diagnostic
of Alzheimer’s disease (Kawamata et al., 1998). These
studies not only show that specific localization of PKN/
PRK1/2 is related to function, but also suggest that several
binding proteins mediate the localization of PKN/PRK1/2
by serving as physiological substrates of PKN/PRK1. Al-
s of reproduction in any form reserved.
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known, its cellular translocalization implies a physiological
relevance in modulating early signaling during meiotic
maturation in starfish oocytes.
Activation of PRK2
Various unsaturated fatty acids such as cardiolipin, ara-
chidonic acid, linoleic acid, and oleic acid are effective
activators for mammalian PKN/PRK1 and PRK2 (Morrice et
al., 1994a,b; Kitagawa et al., 1995; Yu et al., 1997).
Membrane-associated lipids such as phosphatidylglycerol
and phosphatidylinositol are also activators of PKN/PRK1
(Morrice et al., 1994a; Yu et al., 1997; Palmer et al., 1995a).
Palmer et al. (1995a) showed that PI3 kinase substrate,
phosphatidylinositol-4, 5-bisphosphate and its product,
phosphatidylinositol-3,4,5-trisphosphate both activate
PRK1/PKN. Here we showed that the phosphatidyl lipid,
1,2-dioleoylglycerol 3-phosphate, activates starfish PRK2 in
vitro.
SUMMARY
Our results delineate the signaling pathway from the
hormonal activation of 1-MA to the phosphorylation of
protein synthesis initiation factor eIF4E (Fig. 10). We also
provide evidence that PI3 kinase and adenylyl cyclase may
independently or cooperatively regulate the initiation of
protein synthesis during maturation via PRK2-dependent
eIF4E phosphorylation.
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